Nanometer-scale crystal silicon films surrounded by SiO 2 were prepared by oxidizing silicon-on-insulator substrates prepared from SIMOX ͑separation by implantation of oxygen͒ and crystallized hydrogenated amorphous silicon films. Average silicon layer thickness was determined from reflection spectra. When sufficiently thin (Ͻ2 nm͒, all layers emitted red photoluminescence under blue and UV cw excitation, with a spectrum that did not depend on the mean layer thickness. The spectrum was roughly Gaussian with a peak energy of 1.65 eV, which is lower than for most porous silicon spectra. The time scale for the luminescence decay was ϳ35 s at room temperature and ϳ54 s at 88 K; the decay was nonexponential and did not exhibit spectral diffusion. Atomic force microscope images of the silicon layers showed that luminescing layers were broken apart into regions ϳ50-100 m in diameter, suggesting that luminescence comes only from regions small enough to have no nonradiative recombination centers in the band gap. These results are inconsistent with a simple quantum-confinement model for luminescence in two-dimensional silicon and suggest the importance of radiation from surface states. ͓S0163-1829͑97͒02704-5͔
I. INTRODUCTION
Bulk crystal silicon does not luminesce efficiently because nonradiative recombination processes at defects and impurities proceed much more rapidly than phonon-assisted radiative transitions. Recently there has been great interest in the luminescence properties of nanocrystalline silicon ͑nc-Si͒ stimulated by the 1990 discovery of strong room-temperature photoluminescence from anodically etched porous silicon. 1 Among over 1000 papers that have appeared in the literature since then, the vast majority concern the fabrication, characterization, and behavior of porous silicon prepared by etching crystal silicon (c-Si), either by passing an electric current ͑anodic etching͒ or without current ͑stain etching͒. A comparative few have focused attention on nanocrystalline silicon materials prepared in other ways. While porous silicon has the great virtue of being easy to prepare, it has many undesirable properties. These include the mechanical and photochemical fragility of the resulting material; its essential inhomogeneity, which makes it difficult to identify the luminescent species, to understand the luminescence mechanism in detail, and to obtain high luminescence efficiency; and the great difficulty in making satisfactory electrical contacts. Since an important technological goal is to create efficient electroluminescent devices out of silicon in ways that are compatible with conventional silicon processing for microcircuit fabrication-thereby opening the way to sophisticated and inexpensive integrated electronics and optoelectronicsthe poor electroluminescence efficiency of porous silicon remains a significant obstacle.
Nanocrystalline silicon materials prepared by alternative methods have a number of advantages. These include the possibility of fabrication in ways more compatible with conventional silicon processing; more careful control of the chemical environment of the Si nanocrystals, including their doping and the composition of the surrounding material; a more homogeneous size and/or shape distribution of the nanocrystalline particles; and a more accurate characterization of their dimensions. Realization of these possibilities can help clarify the essential physics of nc-Si luminescence and may point the way to efficient electroluminescent devices.
Several techniques for making nc-Si have been explored, including gas-phase production via the thermal decomposition of silanes 2,3 and microwave plasma decomposition of silane, 4 Si deposition in the presence of large partial pressures of hydrogen, 5, 6 spark ablation of c-Si surfaces, 7 laser and thermal crystallization of amorphous silicon/silicon nitride layers, 8 and Si-rich oxide layers. 9, 10 Studies of the materials produced by these techniques have shown that nc-Si does luminesce strongly in the red on the microsecond time scale, and sometimes blue 11 on the nanosecond time scale, 12 when successfully passivated to minimize rapid nonradiative surface recombination. However, they do not unambiguously identify the source of the luminescence, nor are they mutually consistent. For example, while Littau et al. 2 and Kanemitsu 3 have prepared oxide-coated Si nanocrystals, they report different luminescence properties of these nominally identical structures. Littau et al. see a blueshift in the luminescence spectrum for distributions of nanocrystals with smaller mean diameter 2 and steadily increasing intensity with decreasing temperature, 13 whereas Kanemitsu et al. see no dependence on size and a steep drop in intensity below 100 K.
14 While some measurements are readily explained by phonon-assisted recombination 15 in the nanocrystals, others appear more consistent with recombination at localized sites at the surface of the nanocrystal. confinement tends to concentrate the oscillator strength of the band-edge transition into the exciton peak and to enhance the exciton binding energy. 18 In indirect materials such as silicon, this might also lead to enhanced oscillator strength by increasing the momentum-space extent of the electron and holes states, and therefore their wave-function overlap. 19 It is reasonable to suppose, therefore, that confinement effects in thin Si layers may shift the band-edge luminescence to higher energy and may lead to improved radiative efficiency compared to bulk Si.
Thin silicon layers
Thin silicon layers between insulators have only onedimensional confinement, but offer a number of diagnostic and practical advantages. These include relatively easy construction by layered deposition and a well-characterized thickness. Previous work on Si layers has involved two essentially different approaches. The first is patterned after the success of the GaAs/AlAs system and uses Ge as the complementary material to produce structures that luminesce in the infrared. Si x Ge 1Ϫx has a narrower band gap than c-Si, so a Si x Ge 1Ϫx layer between c-Si layers forms a quantum well whose band gap can be tuned by varying either the Ge concentration or the well width. 20 Alternatively, one can take advantage of zone folding to map the silicon conduction-band minimum to the zone center in an epitaxially grown Si m Ge n superlattice. 21 Both approaches have led to improved luminescence at low temperature, but the efficiency drops sharply on heating to room temperature.
The second approach involves crystallizing hydrogenated amorphous silicon (a-Si:H) layers either with rapid thermal or laser annealing. Chen et al. 22 grew a-Si:H/a-SiN x :H multilayers using plasma-enhanced chemical-vapor deposition ͑PECVD͒, which they annealed with a cw Ar ϩ laser. Raman scattering and x-ray diffraction were used to show that the typical crystallite size was roughly equal to the layer thickness of ϳ3.5 nm. After annealing, the multilayer structure showed a broad photoluminescence peak centered at 2.1 eV ͑590 nm͒ that was not present in the as-deposited material, and which the authors attributed to a one-dimensional confinement effect. Grützmacher et al. 8 looked at the dependence of the photoluminescence ͑PL͒ spectrum on Si layer thickness in the same a-Si:H/a-SiN x :H multilayer system crystallized with 325-nm laser light or rapid thermal annealing. They reported a broad PL spectrum extending ϳ450-700 nm from the as-deposited multiquantum-well structure, the peak of which narrows, shifts to ϳ475 nm ͑2.6 eV͒, and grew tenfold in intensity on annealing. They also saw a slight blueshift with decreasing layer thickness in the range 0.6-3.0 nm, suggesting a quantumconfinement mechanism. High-resolution cross-sectional TEM images of laser-crystallized a-Si:H/a-SiN x :H layers showed that the layers consist of roughly round crystalline particles limited in size by the layer thickness and surrounded by presumably amorphous material. 23 Thus these systems appear as densely packed quantum dots, not as twodimensional ͑2D͒ crystalline layers, and there is reason to suspect that nitrogen, 7 oxygen, 24 or OH groups 25 in the surrounding material are responsible for the luminescence, and not simply quantum confinement.
As a model system to study the luminescence properties of one-dimensional c-Si in the quantum-confinement regime we have chosen oxide-passivated layers. 26 Thermal oxidation of silicon near 1000°C is known to produce a silicon surface having a low density of electronic defects and a surface oxide layer with band offsets in excess of 3 eV for both conduction and valence electrons. A thermal oxide layer should therefore provide excellent passivation of the surface and confinement of charge carriers. Rapid thermal oxidation of anodically etched porous silicon to this temperature range produces material of slightly improved photoluminescence efficiency and superior photochemical stability compared to as-prepared porous silicon. 27 Silicon nanocrystals passivated by a brief high-temperature oxidation achieve near unit radiative quantum efficiency at low temperature.
2 Thus a highquality oxide passivation enables efficient photoluminescence in zero-dimensional silicon nanocrystals, and should facilitate an exploration of the luminescence properties of one-dimensional crystal silicon layers.
We have prepared thin Si layers surrounded by thermally grown SiO 2 both from commercially prepared SIMOX ͑Ref. 28͒ silicon-on-insulator substrates and from crystallized a-Si:H layers deposited on both a-SiO 2 and oxidized c-Si substrates. In all cases we observed red photoluminescence from Ͻ2-nm-thick silicon layers; the spectrum was a broad peak whose shape and peak wavelength were independent of the mean layer thickness.
II. SAMPLE PREPARATION
To produce a crystal silicon layer having a thickness of several nanometers or less, we oxidized silicon-on-insulator ͑SOI͒ substrates in flowing oxygen in a quartz tube furnace. SIMOX substrates were chosen over other SOI technologies because of the superior electrical properties of the upper silicon layer and the uniformity of the silicon layer thickness. SIMOX is prepared from a standard silicon substrate by a high-density, high-energy oxygen implant (10 Ϫ18 cm Ϫ2 , 190 keV, TϾ600°C) followed by a very high-temperature anneal (1320°C, 6 h, N 2 ). This yields a slightly Si-rich a-SiO 2 layer between the crystalline substrate and a c-Si upper layer of the same crystal orientation. 29 The upper Si layer in the standard SIMOX wafers used in this study is 204.6 nm thick ͑3.0-nm peak-to-peak variation across a 4-in. diameter͒ and is separated from the Si͑100͒ substrate by a 401.8-nm buried oxide layer ͑4.6-nm peak-topeak variation͒. The upper silicon layer is essentially undoped, as the dopant atoms diffuse out of the layer during the long high-temperature anneal. Standard wafers are reported to have Ͻ5 ϫ 10 5 cm Ϫ2 threading dislocations in the upper Si layer and a pinhole density of ϳ100 cm Ϫ2 in the oxide layer; a triple-implant wafer had a threading dislocation density Ͻ1 ϫ 10 4 cm Ϫ2 . SOITEC SIMOX wafers have typical carrier lifetimes of a few tens of microseconds. ''Low-dose'' wafers were also used. They had a 180-nm Si layer over an 80-nm buried oxide layer. Oxidation at atmospheric pressure in a quartz tube furnace gradually converts the silicon layer into an upper oxide layer that is ϳ2.25 times as thick as the layer of silicon consumed. 30 The sample is removed from the furnace to stop the oxidation just before the layer is entirely oxidized, leaving a thin c-Si layer surrounded by SiO 2 on a Si substrate.
We found it useful to perform the 3-4 h of the oxidation in a spatial temperature gradient, producing a smooth variation in the thickness of the silicon layer. The taper impressed on the silicon layer thickness is somewhat reduced, but not eliminated, during subsequent oxidation under uniform temperature conditions. Because the electrical properties of the Si/SiO 2 interface are determined by the final oxidation temperature, this procedure ensured that the final Si/SiO 2 interface had uniform properties determined by the final temperature and atmosphere. Furthermore, recent work has shown that some oxygen diffuses through the silicon layer to the interface with the buried oxide, enough to grow a few nanometers of SiO 2 at this interface. 31 This ensures that both the upper and lower interfaces of the silicon layer have equivalent passivation. Typical Si layers were tapered 10 nm over 50 mm.
III. OPTICAL CHARACTERIZATION
Reflection spectra were used to monitor the Si layer thickness. The interference of reflections from the four interfaces of high dielectric contrast present in these structures produces a spectrum that is highly sensitive to the thickness of the Si layer. Spectra were taken at an incidence angle of ϳ9°in a spectrophotometer over the wavelength range 205-800 nm ͑1.55-6.00 eV͒, and corrected by comparison to a scan of a thick SiO 2 window, whose reflection spectrum was calculated from literature values of the refractive index. 32 Spectra were typically made versus position along the sample with a beam width of ϳ1.5 mm, although for some a width of ϳ1 mm was used. The spectra were fitted to a three-layer model 33 that used bulk values for the dielectric functions of c-Si ͑Ref. 34͒ and a-SiO 2 ͑Ref. 32͒ taken from the literature using standard least-squares techniques. 35 This yielded the mean Si layer thickness versus position across a tapered sample. Figure 1 shows such a sequence of spectra across a tapered SIMOX sample. The quality of the fits is quite good, especially when the Si layer thickness is not too small. Deviations at deep reflection minima arise primarily from thickness variations over the ϳ1.5-mm beam width. The right inset shows the thickness profile of the Si layer obtained from the fits, which agrees reasonably well with that calculated from the temperature profile of the furnace during sample oxidation. Since the beam samples macroscopic area of the sample, the thickness profile summarized in the inset represents the average Si layer thickness d as a function of position x across the taper.
For thicknesses less than a few nanometers, use of the bulk Si dielectric function tends to overestimate the layer thickness. The dielectric function of ultrathin silicon layers has recently been studied with spectroscopic ellipsometry and found to depart increasingly from the bulk dielectric function for thicknesses below ϳ2 nm. 36 The influence on inferred thickness can be relatively large. For example, a fit using bulk dielectric values on a particular sample produced an estimated Si layer thickness of 0.5 nm. Using the dielectric function for a 0.6-nm-thick c-Si layer reported in Ref. 36 gave a thickness of 1.2 nm ͑more than double͒ for the same sample. The latter value is undoubtedly more accurate, but is not self-consistent, as the deduced thickness ͑1.2 nm͒ is twice that for the dielectric function ͑0.6 nm͒. We have not yet implemented a self-consistent fitting algorithm to account for the thickness dependence of the dielectric function for ultrathin Si layers, and so we report here the values determined using bulk functions with the caveat that these values are underestimates for thicknesses less than ϳ2 nm.
Because of large thickness variations in the layers produced from SIMOX substrates, which will be discussed below, a means of making more uniform layers was pursued. Recent scanning tunnel microscope ͑STM͒ studies 37 of thin a-Si:H films deposited on c-Si surfaces by PECVD of silane show that the rms roughness of the film grows quite slowly with film thickness and is small compared to that observed on SIMOX substrates. Therefore films much smoother than the SIMOX surface can be prepared by a-Si:H deposition, provided that similar behavior is obtained for films deposited on a-SiO 2 and that crystallization of the films does not cause significant roughening.
Hydrogenated amorphous silicon layers ϳ20 nm thick were prepared by PECVD of pure silane in a radio-frequency discharge on fused silica and thermally oxidized c-Si substrates. 38 The substrates were heated to 1000°C in flowing O 2 in a quartz tube furnace for ϳ5 min immediately prior to insertion in the deposition chamber, to minimize surface contamination. Deposition was typically performed at 250°C; higher temperatures tended to produce films that flaked on annealing. The deposition rate was 0.1-0.2 nm/s at a pressure of 65 Pa. The films were crystallized in the quartz tube furnace by gradual heating from room temperature to 700-1000°C in flowing Ar. Following this annealing treatment, the reflection spectrum of the film displayed a kink characterstic of c-Si at ϳ3.4 eV, as shown in Fig. 2 , demonstrating that the film had crystallized.
IV. PHOTOLUMINESCENCE MEASUREMENTS
The cw and time-resolved photoluminescence properties of the Si layers were studied using either a HeCd laser operating at 325 nm ͑3.81 eV͒ or 442 nm ͑2.80 eV͒, or an air-cooled Ar ϩ laser at 488 nm ͑2.54 eV͒, and a 1 8 -m double monochromator. Care was taken to reject background radiation from the laser plasma, to minimize photoinduced sample heating, and fluorescence saturation. The spectra were corrected for spectral sensitivity variations of the monochromator and photomultiplier.
All samples were observed to luminesce in the red and near infrared once the average thickness of the layer was small enough. An ϳ0.003-cm 2 area of these samples was excited at 488 nm ͑2.54 eV͒ with a power of 2 mW. The fluorescence intensity was proportional to excitation power under these conditions. Typical PL spectra of quantum-well layers made from SIMOX substrates and from crystallized a-Si:H layers on oxidized c-Si are shown in Fig. 3 , where they are compared to the spectrum of a stain-etched porous silicon sample. 39 The spectra of the thin Si layers are similar, with peak energies of 1.62 eV ͑SIMOX͒ and 1.58 eV ͑crys-tallized a-Si:H) and full widths at half maximum ͑FWHM͒ of 0.23 eV. The porous silicon spectrum is a Gaussian centered at 1.74 eV with FWHM equal to 0.32 eV, consistent with many published in the recent literature. It is also more than 100 times as intense as the fluorescence obtained here from the ultrathin Si layers.
Similar spectra and intensities were observed from samples made from standard single-implant SIMOX wafers ͑having Si islands in the buried oxide near the substrate͒, low-dose SIMOX ͑80-nm buried oxide and no buried islands͒, triple-implant SIMOX ͑400-nm buried oxide, no islands͒, and crystallized a-Si:H layers grown on fused silica and on oxidized c-Si substrates. Furthermore, the spectral shape was independent of the average Si layer thickness on each sample, although its intensity varied smoothly with average thickness. This is illustrated in Fig. 4 which shows PL spectra of a Si layer prepared from standard SIMOX. This sample was prepared without a thickness taper; between successive spectra the sample was returned to the tube furnace for further oxidation at 1100°C, and then rapidly withdrawn. As the layer oxidized, the PL intensity was observed to rise more than two orders of magnitude without shifting appreciably. This appears in conflict with a simple quantumconfinement model, for which the confinement energy shift should increase with decreasing layer thickness. Subsequent spectra taken after further oxidation showed decreasing intensity, but no noticeable wavelength shift, and have been omitted from the figure for clarity. Figure 5 shows the mean layer thickness d and the observed ͑750 nm͒ PL intensity of the SIMOX well of Fig. 1 . The peak intensity is observed for dϷ2 nm, and the PL signal does not vanish for dϷ0. Since absorption in the layer depends linearly on the layer thickness for very thin layers, the data in Fig. 5 imply that the PL efficiency increases monotonically with decreasing layer thickness.
The crystallized a-Si:H films showed even more remarkable PL dependence on layer thickness, a fact which we attribute to its smaller thickness variations. Fig. 8 , albeit at reduced slope. It extrapolates to 0 at xу 9 mm. However, paradoxically, this is precisely where strong luminescence is observed. This suggests that the luminescence arises from small Si crystallites which form as the layer breaks apart. Possibly, these crystallites cover too small a fraction of the total area to affect the reflection spectrum. Furthermore, once the film has broken into isolated regions it may oxidize more slowly due to the stress dependence 40 of the oxidation rate.
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V. MORPHOLOGY OF THIN SILICON LAYERS
To investigate the thickness variations of the Si layer, two forms of microscopy were used. Thickness variations on the scale of several micrometers were studied by scanning a tightly focused HeNe laser spot over the sample and recording variations in the reflected intensity. Assuming the variation in reflectivity arises from thickness variations in the silicon layer ͑as opposed to scattering͒, the change in reflected intensity is proportional to the change in the silicon layer thickness. A 100ϫ microscope objective was used ͑spot size Ϸ0.9 m͒ to focus the HeNe beam, which was scanned over a ϳ25-m range on the sample surface. From the reflectivity variations an ϳ1.5-nm peak-to-peak variation in SIMOX layer thickness, typically with a period of 2 -3 m, was inferred in regions where dտ 3 nm.
Optical methods have the advantage that they are nonde- FIG. 4 . PL spectra of a SIMOX sample excited with 325-nm light from a cw HeCd laser. No taper was impressed on this sample. Between successive spectra, the sample was returned to the quartz tube furnace in O 2 flow at 1100°C for ϳ5 min, which was sufficient to oxidize 1 nm of Si, assuming standard oxidation kinetics. The upper curve shows the maximum light obtained from this sample. Additional spectra taken after further oxidation had the same shape but decreasing intensity. ͑The excitation beam was TE polarized and incident at 40°; the narrow peak at 1.9 eV is the second-order diffraction peak of the scattered 3. structive and sensitive to subnanometer thickness variations, but the disadvantage of limited spatial resolution. Higher resolution is required for these very thin layers. The electrical isolation provided by the buried oxide causes charging problems in electron microscopy; scanning electron microscope images had poorer contrast and resolution than did optical micrographs. The charging problem also prevents using scanning tunneling microscopy. Cross-sectional transmission electron microscopy ͑TEM͒ can provide valuable information on the thickness and crystallinity of the Si layer, but was not readily available. One sample was investigated by TEM, which confirmed the presence of a thin crystalline layer approximately 2 nm thick, in agreement with reflectivity data.
Atomic force microscopy ͑AFM͒ images of several samples were made after removal of the upper oxide layer with buffered HF. HF etches Si extremely slowly, 42 so that after a brief HF etch, the upper oxide is removed but the Si layer remains unmodified. Both Si and silicon nitride tips were tried; the best results were obtained with silicon nitride tips in contact mode. These tips have a typical radius of 40 nm. We assume that deviations from flatness of the upper surface correlate with variations in the layer thickness.
The images were analyzed by removing the plane, then calculating the root-mean-square surface height variation ͑rms roughness͒. In addition, the height correlation function g x (d) was calculated along the scan direction x for representative areas of the image from the expression
where h i j is the height of the surface at (i, j), s is the distance between measurements, and h is the mean height. The value of ksϵd 1/2 at which g x is reduced to half its peak value was used as a measure of the lateral extent of surface features.
SIMOX layers
The surface of a 10-nm-thick portion of a Si layer made from standard SIMOX is shown in Fig. 9 . It has a root-meansquare roughness of 2.3 nm, exceeding by an order of magnitude the roughness of a commercial Si͑100͒ wafer and the value reported for thermally oxidized Si/SiO 2 interfaces ͑see Table I͒ . 43, 44 Furthermore, the correlation length of the surface in the scan direction is d 1/2 Ϸ130 nm. This is much larger than the correlation length of a c-Si wafer surface measured with the AFM ͑25 nm͒, a value that is inflated by the low resolution of the image. TEM images of the Si/SiO 2 interface give correlation lengths of ϳ4 nm ͑Ref. 44͒ and a STM image of a c-Si surface in UHV, taken in our laboratory, gave d 1/2 ϭ 2.2 nm. This large ''corrugation'' of the Si surface in SIMOX has been described by Sato and Yonehara, 45 and attributed to the lengthy high-temperature anneal to which the wafer is subjected after implantation, which forms a ͑near͒ stoichiometric SiO 2 layer. At 1320°C, the oxide layer is quite plastic and fluctuations in the thickness of the oxide and of the upper Si layer become frozen in upon cooling.
As oxidation continues the surface begins to break apart when the thinnest regions are entirely consumed. This can be seen quite clearly in Fig. 10 , which shows the surface of the same sample in a region that luminesced (dϷ 1-2 nm). This ''surface'' consists of the Si layer perforated with deep holes ϳ300 nm in diameter. Where the Si layer has been entirely oxidized, the HF used to remove the upper oxide layer etches deep pits in the exposed buried oxide. Archipelagos of smaller Si islands appear to decorate the perimeter of these holes. Their size is roughly 30-100 nm, although the resolution of the AFM image, particularly near large vertical steps, does not permit an accurate determination of their size and density. It is possible that these small isolated regions produce the photoluminescence and that the rest of the structure is essentially dark. However, the large thickness variations in SIMOX layers make it difficult to correlate photoluminescence properties and size, which prompted us to investigate crystallized a-Si:H films.
Crystallized a-Si:H films
AFM images of crystallized a-Si:H films were made at each step of the growth process to clarify the structure of the thin films. Typical oxide layers grown on c-Si substrates at 1000°C in dry O 2 were 100 nm thick. Measurements of the oxide surface were unreliable, perhaps due to charging effects in the ͑thick͒ oxide, and gave unrealistically high roughness (Ϸ 1 nm͒. Measurements on a-Si:H films on thick oxide did not suffer these problems and yielded ϭ0.43 nm and d 1/2 ϭ 4 nm. These values are in good agreement with STM measurements of a-Si:H film surfaces, grown on c-Si substrates with the same deposition system in our laboratory. For this same 20-nm film thickness, the STM data yielded Ϸ 0.46 nm and d 1/2 Ϸ3.5 nm. The agreement with the AFM results is remarkable, especially considering the larger ͑nominal 40-nm͒ AFM tip radius, and it indicates an excellent resolution for the AFM. Furthermore, the annealing and crystallization caused no significant change in the roughness of the Si films; remained 0.4 nm.
After oxidation to produce a tapered layer, the upper oxide was removed with HF and the H-terminated layer surface was imaged with the AFM. Where the ͑reflectivity-determined͒ mean layer thickness was 2 nm, the film appeared smooth and continuous, with ϭ 0.53 nm and d 1/2 ϭ 8 nm. This roughness is only slightly greater than before oxidation, but the correlation length is roughly double that of the unoxidized film. No luminescence was observed from this region of the film. Figure 11 shows the surface of the Si layer where the mean thickness ͑assuming bulk c-Si) was only 1 nm, suggesting an actual thickness between 1 and 2 nm. Several small dark pits with a characteristic size of ϳ10 nm are clearly visible and correspond to holes in the layer. Their density was estimated to be ϳ100/m 2 . Several larger pits, up to ϳ50 nm in size, are also evident in the 1-m 2 image. At this mean thickness, the layer is still continuous, although it shows signs of breaking apart. Roughness has increased to 0.65 nm in regions without large pits; therefore this represents an upper bound on the roughness, which has increased appreciably compared to the thicker film, but remains four times smaller than that of the SIMOX film. Despite the small average thickness and thickness variation, this film did not luminesce. Nonetheless, estimates of the quantumconfinement energy shift made by scaling results using the linear combination of atomic orbitals technique for nanowires 46 suggest that the direct band gap of a 1-nm-thick layer should be ϳ2 eV and hence visible to our apparatus. An AFM image of the luminescing region of the film is shown in Fig. 12 ; it appears to be divided into isolated, roughly round regions ϳ50-100 nm in size. The rms roughness of this surface is 2.6 nm, which likely reflects the higher density of pits in the substrate oxide. Reflectivity measurements of the sample in this region, prior to removal of the upper oxide, gave a negligible thickness for the Si layer, suggesting a strong variation of the dielectric properties of ultrathin Si layers compared to bulk properties and that just enough Si remains in the layer to arrest etching.
VI. DISCUSSION
We have observed similar photoluminescence behavior from SIMOX and crystallized a-Si:H layers passivated on both sides by high-temperature oxide. The main features of 11 . AFM image of a 1 mϫ 1 m portion crystallized a-Si:H layer that was thinned by oxidation at 1000°C. The mean layer thickness determined from reflection spectra was ϳ1 nm in the imaged region.
this luminescence are as follows. SIMOX layers with average thickness greater than 10 nm and crystallized a-Si:H layers with average thickness greater than 1 nm emit no detectable light, but as they are oxidized further they begin to luminesce in a broad peak in the near-infrared and red portion of the spectrum. The peak is centered near 1.65 eV, which is at least 0.1 eV lower than typical porous silicon spectra. As a luminescing sample is further oxidized, the PL intensity first increases then decreases and vanishes, yet the peak wavelength and width remain essentially constant. Rapid withdrawal of a sample from flowing O 2 at 1100°C produces the greatest PL efficiency; slow withdrawal, annealing in an inert gas, and oxidation at lower temperature all reduce the PL efficiency.
We consider first in what respect this system differs from previously investigated luminescing silicon systems, and then turn to possible explanations of these observations and mechanisms for the luminescence. Prior to oxidation, the SIMOX layer is certainly crystalline; oxidation, even at high temperature, does not render crystal silicon amorphous. Furthermore, a 2-nm-thick layer appeared crystalline in TEM. We conclude, therefore, that the SIMOX Si quantum layers are composed of crystal silicon. A similar conclusion for the crystallized a-Si:H films is supported by the reflectivity change observed following annealing and by the similarity of PL behavior between the SIMOX wells and the crystallized a-Si:H wells.
Even upon breakup of the layers, the lateral dimensions of most structures appear much larger than the thickness, suggesting that confinement is predominantly one dimensional, although it is perhaps possible that the luminescent fraction is confined in all three dimensions. These layers are distinct from Si-rich oxide layers in which amorphous silicon precipitates were observed to electroluminesce. 9 They are also different from a-Si:H films containing Si nanocrystals and from oxidized Si nanocrystals due to the predominantly onedimensional nature of the carrier confinement. Crystallized amorphous multilayers 5,6,8 consist of roughly spherical crystallites-whose diameter is determined by the layer thickness-surrounded by amorphous material. As such, they are similar in geometry to Si nanocrystals, although the details of the surface may be entirely different. The layers described here, particularly those made by crystallizing a-Si:H, are quite flat and two dimensional, as can be seen by comparing the lateral correlation length to the rms roughness.
The AFM results show that the thickness variations of the Si layer produced by oxidizing crystallized a-Si:H on thermally grown SiO 2 are much smaller than those of the layers produced from SIMOX substrates, and that in the luminescing region the layer appears segmented into isolated regions approximately 50-100 m in diameter. With increasing oxidation both SIMOX and crystallized a-Si:H layers have virtually identical PL spectra, and produce similar levels of luminescence, although they differ in the mean thickness-as measured by reflectivity-that produces the peak signal.
The temporal behavior of SIMOX Si layers was investigated on the microsecond time scale by chopping the 488-nm excitation beam with an acousto-optic modulator. At room temperature, the initial PL decay time was ϳ35 s, although the decay was nonexponential. Nonexponential decay of the PL signal from porous silicon and Si nanocrystallites has been widely reported.
2,3,47 Surprisingly, the PL decay rate was observed to be independent of wavelength within the broad PL band. This is in contrast to the spectral diffusion observed in porous silicon, 3, 48, 49 in which the blue side of the peak decays more rapidly than the red.
The cw photoluminescence results are similar to the slow red PL band in porous silicon and, together with the observed ϳ35-s PL decay time, indicate that the emitted red/ near-infrared ͑IR͒ light comes from thermalized carriers excited in the Si layer. An estimate of the PL efficiency of the SIMOX layer was made assuming a uniform layer of thickness equal to the value determined from fits to the reflection spectrum. The model used the bulk c-Si index of refraction and absorption coefficient for the silicon layer, and the calculation of the absorbed laser fluence took account of reflections in the multilayer structure. The estimate of Ͻ10 Ϫ4 at room temperature is low compared to 1 -10 % reported for some porous silicon 50 and oxidized Si nanocrystals. 13 However, it appears very likely that the large thickness variations of the SIMOX well, reflected in the rough upper surface of the Si layer, make large regions of the layer too thick to luminesce, and that the observed light is generated by a very small fraction of the layer. The fact that the crystallized a-Si:H layer produced roughly the same intensity of photoluminescence, yet had negligible thickness, shows that the efficiency of a layer can be much higher, perhaps approaching that of porous silicon. The low signal level in our case results from the very small volume of luminescent material. 51 The luminescence behavior of the layers appears inconsistent with a strict one-dimensional quantum-confinement model, since the spectrum of both SIMOX and crystallized a-Si:H wells was independent of mean layer thickness. Similar behavior has been observed in mesoporous silicon as it is oxidized. 52 The PL intensity, however, does depend on thickness. When the layer is continuous and thin ͑see Fig. 11͒ , no PL is observed. When the layer has oxidized further, it appears as FIG. 12 . AFM image of a 5 mϫ 5m area in the luminescent region of the sample shown in the previous figure. a fairly regular array of 50-100-nm ''pancakes'' ͑Fig. 12͒. This size is two to four times the initial a-Si:H layer thickness and may represent the size of microcrystals formed during annealing. Rapid thermal annealing of a-Si:H films on oxide substrates has been observed to produce high-quality c-Si films whose mean crystallite size exceeds the layer thickness. 53 It is reasonable to expect that grain boundaries will oxidize more rapidly than the crystallites themselves; because they contain a high density of defective bonds and fast recombination centers, until they do oxidize, they must effectively suppress luminescence. Efficient luminescence may only result when small enough regions of the film are effectively isolated. Assuming that the mean density of midgap states at the Si/SiO 2 interface is 10 14 m Ϫ2 , typical of high-quality thermal oxide, the probability that a 50-nmdiam Si pancake has no midgap states is 60%. Thus if they have radiative centers a great many of them should luminesce.
A further test of the quantum-confinement hypothesis is possible by comparing the luminescence spectrum of layers with different crystallographic orientation. Because the conduction-band minimum is near the Si X point, and because the X valleys are highly anisotropic, with transverse mass m t ϭ0.19m 0 and longitudinal mass m l ϭ0.98m 0 , the confinement energy shift of the conduction band depends on the orientation of the layer with respect to the crystallographic axes. For ͑001͒ SIMOX, the effective mass along the confinement direction for the ͑100͒ and ͑010͒ valleys is m t , leading to a large shift. However, the ͑001͒ valleys have mass m l ӷm t and therefore shift much less. Since carriers scatter among the conduction valleys by emitting momentum-conserving phonons on a picosecond time scale, the effective band-gap increase is governed by the lowestlying valleys. In the effective mass approximation it is proportional to m Ϫ1 , where m is the largest mass. For a layer oriented along ͑110͒, the effective masses are
while for a ͑111͒ oriented layer, all valleys have the same mass,
Hence the confinement energy shifts for the different layers should be in the proportion 1 : 1.72 : 2.58 for the orientations ͑100͒ : ͑111͒ : ͑110͒. SIMOX substrates with a ϳ200-nm Si layer over a ϳ400-nm buried oxide were prepared from Si͑110͒ and Si͑111͒ wafers by SOITEC Inc. and oxidized in the usual way to yield a tapered Si layer. Figure 13 shows the PL spectra from these samples compared to that from the standard ͑100͒ SIMOX. The ͑110͒ and ͑111͒ wafers had nearly identical spectra that were slightly redshifted compared to ͑100͒ SIMOX. This is opposite to the trend expected from quantum confinement.
The Si/SiO 2 interface with the lowest defect density is obtained with Si͑100͒. 54 Interfaces oriented along ͑110͒ and ͑111͒ have greater densities of states throughout the band gap, and near the band edges in particular. If we extrapolate the rising density of states near the band edges to higher energy-where they are normally obscured by the bulk bands but are exposed by quantum confinement in nanoscale silicon-we infer a high density of localized states that is presumed responsible for the efficient PL of porous silicon in the surface-state model. In a surface-state model in which charges are rapidly trapped in localized states and migrate over only limited distances before recombining, the greater density of near-band-edge states on ͑110͒ and ͑111͒ surfaces could allow trapped charges to sample a greater number of localized states and settle to lower energy on average before recombining, thereby producing a redshifted spectrum. 55 Additional evidence for the surface-state mechanism comes from the PL behavior of the samples with the upper oxide removed. Removing the upper oxide layer by immersing the sample in buffered HF caused a pronounced shift of the luminescence spectrum to higher energy for samples made from both SIMOX and crystallized a-Si:H, as seen in Fig. 14. In both cases the blueshift was ϳ300 meV and the fluorescent intensity was essentially unchanged. Removing the oxide from thick layers that did not luminesce before its removal failed to produce luminescence.
Buffered HF produces hydrogen-terminated Si surfaces which are very effectively passivated. Freshly prepared porous silicon is hydrogen terminated and luminesces strongly, so it is not surprising that a Si layer with hydrogen passivation on one side luminesces. The roughly constant spectrally integrated PL intensity suggests that hydrogen termination does not produce a significant increase in nonradiative recombination centers, consistent with oxidation studies of porous silicon. 27 The magnitude of the spectral shift, however, is difficult to explain in a quantum-confinement model. A simple envelope-function calculation of the confinement energy increase caused by replacing an oxide barrier with vacuum gives less than one-tenth the observed shift. More detailed calculations on dots give a weaker dependence on size, 56 suggesting that if anything, the envelope-function estimate constitutes an upper bound. If the HF etch selectively removed certain crystallites, one might observe a shift in the spectral peak. However, one would expect the smaller crystallites to be more readily removed and this would lead to a redshifted spectrum if the quantum-confinement hypothesis were correct. More importantly, Fig. 14 shows an increase by more than an order of magnitude in the PL for បϾ1.85 eV, which is inconsistent with removal of some of the luminescent material.
The blueshift perhaps arises from relaxation of the surface Si layer on replacement of the SiO 2 layer with H termination. Although the Si layer is not strained by cooling-because it is the same material as the ͑effectively infinitely thick͒ substrate-the interface between Si and SiO 2 does have stresses associated with the different bond lengths and angles of Si atoms in the two materials, as well as their different coefficients of thermal expansion, which produces stress on cooling. Replacement of the oxide with hydrogen at room temperature could thus be expected to give rise to a different distribution of states at the upper silicon surface and, assuming radiative recombination occurs through these states, a different PL spectrum.
VII. CONCLUSION
We have prepared thin crystal silicon quantum-well layers by high-temperature dry oxidation of silicon on insulator substrates. The substrates were commercial SIMOX wafers and PECVD a-Si:H layers deposited on oxidized c-Si and fused silica substrates, which were crystallized in a quartz tube furnace. The crystallinity of the layers was confirmed by spectral reflectivity and TEM observation. Layers that were sufficiently thinned by oxidation emitted a broad red photoluminescence peak centered at ϳ1.65 eV that was independent of the mean layer thickness. The intensity of this luminescence decreased on annealing at high temperature in an inert gas and was restored, though not significantly increased, by annealing in hydrogen. The luminescence spectrum was largely unaffected by these treatments, but it blueshifted ϳ0.3 eV on removing the upper oxide with HF. Under pulsed excitation, the photoluminescence decayed in a nonexponential manner with a first e-folding time of ϳ35 s at room temperature, and slightly longer at 88 K. The luminescence decay rate at a given temperature was independent of PL wavelength within the luminescence band. Layers with an average thickness of ϳ1-1.5 nm and rms roughness of 0.4 nm did not luminesce. All properties appear inconsistent with a quantum-confinement model of nc-Si, in which electron-hole recombination is assumed to take place in ͑fully͒ passivated Si structures, and they suggest the importance of radiative and nonradiative recombination at surface states. They do suggest, however, that quantum confinement is essential to produce luminescence because only layers thinner than several nanometers are found to luminesce.
The morphology of the layers was studied with an atomic force microscope, which revealed large-scale roughness in the SIMOX layers and significantly lower roughness on crystallized a-Si:H layers. The quantum efficiency of luminescence of rough layers (Ϸ2.3 nm͒ was very low (ϳ10 Ϫ4 ), but thin layers of lower roughness, when broken into regions of ϳ50-100-nm diameter, luminesced with significantly higher efficiency. This size scale is compatible with a large fraction of regions having no midgap defects, which are likely responsible for nonradiative recombination. We conclude that room-temperature luminescence is possible in planar crystal silicon nanostructures, provided that nonradiative recombination at midgap states can be effectively suppressed. 13 . PL spectra showing the influence of crystallographic orientation. Samples with tapered Si layers were prepared from ͑100͒, ͑110͒, and ͑111͒ SIMOX substrates with 200-nm initial Si layers over 400-nm buried oxide layers. The ͑100͒ layer is blueshifted compared to the ͑110͒ and ͑111͒ layers, which is contrary to the shift expected for a quantum-confinement model.
FIG.
14. PL spectra taken following the removal of the upper oxide layer with pH-buffered HF ͑filled symbols͒ are shifted ϳ0.3 eV to higher energy compared to those taken with the oxide layer intact ͑open symbols͒. The same behavior was observed with SI-MOX samples ͑squares͒ and crystallized a-Si:H layers ͑circles͒.
